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We report on the real space profile of spin polarons in the quasi two-dimensional frustrated
dimer spin system SrCu2(BO3)2 doped with 0.16% of Zn. The
11B nuclear magnetic resonance
spectrum exhibits 15 additional boron sites near non-magnetic Zn impurities. With the help of
exact diagonalizations of finite clusters, we have deduced from the boron spectrum the distribution
of local magnetizations at the Cu sites with fine spatial resolution, providing direct evidence for an
extended spin polaron. The results are confronted with those of other experiments performed on
doped and undoped samples of SrCu2(BO3)2.
PACS numbers: 75.25.-j, 76.60.Pc, 75.10.Jm
Impurities and defects in strongly correlated quantum
systems often produce significant effects over an extended
spatial region, which can be studied by local probes such
as nuclear or electron magnetic resonance (NMR or ESR)
[1]. The best example is the edge states in Heisenberg
spin chains. The spin 1/2 edge state in spin 1 Haldane
chains is a direct consequence of the valence-bond-solid
ground state of the pure system. The ESR experiments
have played vital roles in identifying the edge spins [2, 3]
and their interactions [4]. The edge states are not local-
ized at a single site but associated with local staggered
magnetization due to the antiferromagnetic interaction
of the bulk, and the spatial extent of such a polaronic
structure is given by the correlation length of the bulk.
The real space profile of spin polarons has been actually
observed by NMR experiments in both spin 1 [5, 6] and
spin 1/2 [7] Heisenberg chains, from which the tempera-
ture dependence of the correlation length was deduced.
Although there have been less studies on two-
dimensional (2D) systems, an interesting example is the
frustrated 2D dimer spin system SrCu2(BO3)2 with a
small concentration of Cu2+ ions (spin 1/2) replaced by
non-magnetic Zn or Mg [8–11]. The magnetic layers con-
tain orthogonal arrays of Cu dimers described by the
Shastry-Sutherland lattice [12]
H = J
∑
n.n.
Si · Sj + J
′
∑
n.n.n.
Si · Sj , (1)
where J (J ′ ) is the intradimer (interdimer) Heisenberg
exchange interaction. The ground state of SrCu2(BO3)2
at zero magnetic field is the dimer singlet state [13, 14],
which is known to be the exact ground state of Eq. (1)
for α = J ′/J not too large [12, 15], less than αc ≃ 0.675
[16, 17]. SrCu2(BO3)2 exhibits a number of fascinating
properties, most notably a unique sequence of quantized
magnetization plateaus in magnetic fields [18–23] which
have been a subject of intense research in the last decade
[24, 25].
A nonmagnetic impurity creates an unpaired Cu2+ site
in the dimer singlet state, producing a free spin-1/2. The
structure factor of this spin-1/2 measured by inelastic
neutron scattering experiments [10] points to an extended
object. Theories have confirmed this picture and more-
over predicted the formation of a spin polaron extending
over several sites around the impurity [9, 11], clearly call-
ing for further precise experimental information.
In this letter, we report the observation of such a spin
polaron in real space by 11B NMR experiments on Zn
doped SrCu2(BO3)2 performed in a sufficiently high mag-
netic field to saturate unpaired spins. With the help of
exact diagonalization results, a nearly complete assign-
ment of the 15 additional boron sites has been achieved,
leading to the determination of the microscopic structure
of a localized spin polaron with unprecedented accuracy.
Single crystals of SrCu2−xZnx(BO3)2 were grown by
the traveling-solvent floating-zone method [26, 27]. Two
crystals were used, x = 0.0174 and 0.0032 as determined
by the inductively coupled plasma atomic emission spec-
trometry. The presence of free spins at low temperatures
was confirmed by magnetization measurements (see Sup-
plementary Material (Suppl. Mat.) A [28]). The crystals
were cut into a rod (1 × 1 × 5 mm3) for NMR measure-
ments, which were performed in a magnetic field B of
6.615 T precisely along the c axis (within ∼0.2 degree).
The NMR spectra were obtained by summing the
Fourier transform of the spin-echo signal obtained at
equally spaced rf-frequencies. Figure 1 shows the 11B
NMR spectrum for x = 0.0032 (0.16% of Zn) at 1.6 K.
The Zeeman energy for the magnetic field of 6.615 T is
much smaller than the zero-field energy gap for the triplet
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FIG. 1: (color online) 11B NMR spectrum at T = 1.6 K and B = 6.615 T. The black arrows mark the position of the reference
line (zero internal field). 15 additional lines named B1 to B15 have been resolved. Note that B1 is about twice as intense as
B2, and that B12 (shaded in blue) is also about twice as intense as B11 (shaded in orange).
excitation in the bulk (∆ = 35 K) but large enough to
completely polarize the impurity induced free spins (see
Suppl. Mat. A and B [28]). To understand the 11B NMR
spectra, we first recall that one boron site generates three
NMR lines at the frequencies νr = γ(B + Bint) + kνQ,
(k = −1, 0, 1), where νQ is the quadrupole splitting along
the c axis, γ = 13.66 MHz/T is the nuclear gyromagnetic
ratio, and Bint is the internal magnetic field produced by
nearby Cu spins. Since the Zn concentration is extremely
dilute, most of Cu spins form singlet dimers generating
Bint ∼ 0 at the majority of B sites. The NMR lines from
these B sites (shown by black arrows) are very intense,
far exceeding the range of display in Fig. 1.
In addition to this reference line, we have been able to
identify 15 weaker lines with non-zero Bint (B1 - B15, the
thin lines in Fig. 1) and to determine the values of Bint
and νQ for each of them. The sample with x = 0.0174
gives a nearly identical NMR spectrum (see Suppl. Mat.
C [28]), ensuring no interference between impurities.
As we shall demonstrate, it is possible to assign most
of the lines to specific boron sites, and to deduce the po-
larization of the Cu sites around the impurity as shown
in Fig. 2. To perform this line assignment, it is use-
ful to know a priori the local magnetization expected in
the neighborhood of a Zn impurity. We have thus per-
formed exact diagonalizations (ED) calculation for finite-
size clusters of the 2D Shastry-Sutherland lattice with 32
sites (31 spins and one vacancy) and 36 sites (35 spins
and one vacancy), with periodic boundary conditions (see
Suppl. Mat. D [28]). The ED results of Fig. 3(c) show
that the local magnetization is distributed primarily over
five spins surrounding the defect. A single spin at CuA
with a large positive 〈SAc 〉 ∼ 0.18 − 0.30, two spins at
CuC with also a large postive 〈S
C
c 〉 ∼ 0.18 − 0.21, and
two spins at CuB with a large negative 〈S
B
c 〉 ∼ −0.1 add
up approximately to the saturated value of 0.5. In ad-
dition, eight spins at four other sites (CuD−G) carry a
small and oscillating magnetization less than 0.1 in ab-
solute value. The local magnetization is much smaller
for the remaining sites (∼ 10−3) and cannot be deter-
mined accurately for the cluster sizes of our calculation.
Interestingly, there is a strong dependence on α. First of
all, the polaronic structure collapses very rapidly when
α exceeds 0.68, where the pure system undergoes a first-
order transition from the dimer to the plaquette phase
[16, 17, 32]. Besides, and more remarkably, the magneti-
zation of the unpaired site CuA, 〈S
A
c 〉, strongly depends
on α. It decreases steeply with α and becomes smaller
than 〈SCc 〉 at α ∼ 0.66, an observation that will turn
crucial for the analysis of the experimental spectrum.
To make contact between the local magnetization at
Cu sites and the boron spectrum, we note that the inter-
nal field Bint at a given boron site is given by the sum of
contributions from neighboring Cu sites
Biint =
∑
j
Aij〈S
j
c 〉. (2)
Here Aij is the hyperfine coupling constant from the i-th
boron site to the j-th Cu site. It is the sum of the dipolar
and transferred hyperfine couplings, Aij = Dij + Tij ,
and depends on the relative position between the boron
and Cu sites. The dominant couplings are illustrated
in Fig. 3(a) and summarized in Table I. The transferred
hyperfine couplings are short-ranged and limited to the
nearest and next-nearest neighbors in the same layer, T1
and T2. They satisfy the condition T1+ 2T2 = −0.431 T
imposed by the NMR shift data in undoped SrCu2(BO3)2
[14], leaving only one adjustable parameter, say T1. The
analysis of NMR spectra in the magnetization plateau
phases has led to the estimation −0.71 < T1 < −0.53 T
[22]. The dipolar couplings can be calculated from the
crystal parameters. In addition to the nearest and next
neareast neighbors in the same layer, two neighbors on
the adjacent layers have significant dipolar couplings with
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FIG. 2: (color online) Real space sketch of the spin polaron
formed around a Zn impurity (cross). The up (down) ar-
rows on the Cu sites represent the spin moments parallel (an-
tiparallel) to the external field. The length of the arrow is
proportional to |〈Sz〉| as calculated on a 36-site cluster with
J ′/J = 0.67. The numbers show the assignment of the B
sites to the NMR lines of Fig. 1 deduced from the analysis
described in the text. Primed numbers have been used when
different sites are assigned to the same line. The other B sites
have very small internal field.
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FIG. 3: (color online) (a) Main hyperfine couplings between
a Cu spin and the B nuclei in the same layer (A1 and A2)
or in the neighboring layers (A3 or A4). (b) Quadrupolar
splitting νQ for B sites near a Zn impurity. (c) Dependence
on α = J ′/J of the local magnetization calculated with exact
diagonalizations on a 32-site cluster (open symbols) and 36-
site cluster (solid symbols).
different values D3 > D4 because of the buckling of the
layers. Looking at Table I, we can anticipate that the
boron sites close to the impurity both in the layer of the
impurity and in the two adjacent layers will have internal
fields large enough to give rise to additional peaks.
The absolute value of Aj is by far the largest for the
TABLE I: Hyperfine coupling constants in Tesla.
j Tj Dj Aj
1 −0.711 ∼ −0.531 −0.161 −0.872 ∼ −0.692
2 0.05 ∼ 0.14 −0.075 −0.025 ∼ 0.065
3 0 0.103 0.103
4 0 0.065 0.065
nearest neighbor (j = 1). The value of Bint for the B
sites in the layer of the impurity should, therefore, be
primarily determined by 〈Sc〉 of the nearest neighbor Cu
site. We then conclude that B1 and B2, which show large
negative Bint (∼ −0.14 T, see Fig. 1), must correspond to
the boron sites next to either CuA or CuC in Fig. 2. Like-
wise, B15, with its large positive Bint (∼ 0.07 T), should
be next to CuB. The values of 〈S
A
c 〉 and 〈S
C
c 〉 can be
estimated approximately as Bint/A1 ∼ 0.2, which is sig-
nificantly smaller than the saturated value of 0.5. Thus
the distribution of Bint provides a direct experimental
proof for the polaronic spin structure near defects.
Interestingly, the integrated intensity of the low fre-
quency satellite line of B1 at 87.12 MHz is twice as large
as that of B2 at 87.24 MHz. Since each Zn impurity
creates one CuA and two CuC sites, B1 (B2) must be as-
signed to boron sites next to CuC (CuA). The larger
value of |Bint| at B1 then leads us to conclude that
〈SAc 〉 < 〈S
C
c 〉. Fig. 3(c) shows that this condition is met
only in a very narrow range of α between 0.655 and 0.68.
Thanks to this assignment, we are now in a position
to fix α and T1 by fitting the experimental value of
Bint at the B1 and B2 sites using the 36-site cluster re-
sults (interpolated between α = 0.66 and 0.67). This
leads to α = 0.665 and T1 = −0.563 T (A1 = −0.724,
A2 = −0.009 T), compatible with the values in Table
1. The full theoretical histogram of Bint deduced from
Eq. (2) is plotted in the upper panels of Fig. 4(a) and
(b). The isolated red lines in Fig. 4(a) represent Bint at
the boron sites in the same layer as the impurity. Each of
them is nearest to one of the seven Cu sites (CuA−G) car-
rying appreciable magnetization. The overall agreement
between the ED results and experiment is very good,
leading to the assignment of the lines B3, B4, B13, B14,
and B15 (see Fig. 2).
Since other boron sites in the layer of the impurity have
much smaller internal fields, we now turn to the neigh-
boring layers. They have smaller values of Bint coming
from the interlayer dipolar couplings D3 or D4 as shown
in the upper panel of Fig. 4(b). Again, the agreement
with the experimental results is very good. Let us focus
on the experimental lines B11 and B12. Since B12 is twice
as intense as B11 (see Fig. 1), we must assign B12 to the
neighbors of CuC in the layer above, and B11 to the neigh-
bor of the CuA in the layer below. Since both couplings
are given by D3, the larger Bint at B12 than B11 provides
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FIG. 4: (color online) (a) Bint at the B sites calculated by
using the spin density distribution with α = 0.665 for 36
sites (upper panel) and Bint deduced from experiment (lower
panel). The data near Bint = 0 T are expanded in Fig. 4(b).
The thickness of the lines in the lower panel indicates the half
width at the half maximum of the corresponding peaks of the
NMR spectrum. In the calculated histograms, red solid lines
correspond to B sites in the layer of the Zn impurity, green
dotted (blue dashed) lines to B in the adjacent layer above
(below) the impurity, and the height is proportional to the
number of B sites having exactly the same internal field (1 or
2).
an independent confirmation that 〈SAc 〉 < 〈S
C
c 〉. With its
strongly negative Bint, the line B5 must be attributed to
the neighbors of CuB in the layer above. Discussion on
the other lines is given in the Suppl. Mat. E [28].
So far we have assumed that the hyperfine couplings
are not influenced by Zn-doping. However, the small dif-
ference in the ionic radii between Cu2+ and Zn2+ (about
5% [33]) could produce non-uniform chemical pressure
effects, which may result into a local lattice distortion
and a modification of the hyperfine couplings. To esti-
mate such effects, the quadrupole splitting νQ is a useful
probe since it is sensitive to changes in local structure
and charge density. The inset (b) of Fig. 3 shows the val-
ues of νQ for all the observed B NMR lines. Remarkably,
most sites have exactly the same value νQ = 1.25 MHz as
in undoped SrCu2(BO3)2 (solid line). Only the lines B11
and B15 show minor deviations of about 0.02 MHz, indi-
cating that the effects of lattice distortion are small and
limited to the immediate vicinity of the Zn impurities.
Note that νQ at the boron sites close to CuA and CuC is
unchanged, an indication that the hyperfine couplings are
likely to remain the same. Furthermore, the dipolar cou-
pling, which varies slowly with distance as 1/r3, should
not be affected by a small lattice distortion. Therefore,
our conclusion 〈SAc 〉 < 〈S
C
c 〉 should remain valid even
allowing for a local distortion around the impurity.
Finally, let us compare the values of α reported so
far from various measurements. The analysis of sus-
ceptibility and specific heat data of the undoped ma-
terial by the Shastry-Sutherland model with an inter-
layer coupling has led to the best value α = 0.635 [24],
while the recent determination of the width of the 1/2
plateau in very high magnetic fields up to 118 T [23]
led to α ≃ 0.63. These values are smaller than our es-
timate α = 0.665 necessary to account for the internal
structure of the polaron. After discarding other possibil-
ities such as Dzyaloshinsky-Moriya (we checked with ED
for the Zn doped system that neither the intradimer nor
the interdimer Dzyaloshinsky-Moriya coupling was able
to account for the discrepancy), we came to the conclu-
sion that the most likely explanation is that the ratio
α increases near Zn due to the local chemical pressure
induced by the larger ionic radius of Zn2+ as compared
to Cu2+. Indeed, a similar effect has already been ob-
served in undoped samples under hydrostatic pressure
[34]. To actually demonstrate that this local modifica-
tion could explain the discrepancy, we have examined a
simple model in which the Cu-Cu bond closest to Zn.
i.e. the CuA-CuB bond Jimp is allowed to change from
the bulk J ′ (see Suppl. Mat. F [28]). We found that the
polaronic structure derived from NMR is actually com-
patible with α ≃ 0.65 if Jimp is allowed to take larger
values in the range 0.72−0.77. This value of α is already
significantly lower than the estimate 0.665 for the uni-
form system, and it sounds plausible that this value can
be further lowered if one allows for additional modifica-
tions of the coupling constants. It would be interesting
to investigate this possibility further with the help of ab-
initio investigations of the local exchange couplings of
Zn doped. This however goes far beyond the scope of
the present paper.
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SUPPLEMENTAL MATERIALS
A. Magnetization due to impurity-induced free spins
Figure 5(a) shows the temperature dependence of the
magnetization M of SrCu2−xZnx(BO3)2 at the field of
1 T. The increase of M for x = 0.0174 and 0.0032 at low
temperatures should be ascribed to the impurity-induced
unpaired spins. By subtracting the magnetization for x
= 0 from these data and normalizing by x, we obtain the
contributions from the impurity-induced spinsMI, which
are plotted in Fig. 5(a). The values ofMI are nearly iden-
tical for x = 0.0174 and 0.0032 in the whole temperature
range, indicating that Zn2+ ions effectively replace the
Cu sites. The increase of MI below 10 K is described
reasonably well by a free spin model MF = gSµBBS(X)
with S = 1/2, where BS(X) (X = gSµBB/kBT ) is the
Brillouin function. Above 10 K, on the other hand, MI is
much smaller thanMF, indicating that Zn impurites can
no longer generate free spins because of interaction be-
tween unpaired Cu spins and thermally excited triplets.
Figure 5(b) shows the magnetic field dependence ofM
at 2 K. Although the magnetization of a free spin MF
saturates completely above 4 T as indicated by the solid
line, M of SrCu2−xZnx(BO3)2 keeps increasing almost
linearly with B at high fields. The NMR spectra shown
in Fig. 6(a), on the other hand, indicate that the internal
fields at boron sites stay exactly the same between 4.5
and 6.615 T, a clear indication of the saturation of the
spin moments. The temperature dependence of the reso-
nance frequency shown in Fig. 6(b) provides further sup-
port for the saturation of spin moments. Thus the linear
increase of M at high fields cannot be attributed to spin
moments. It may be associated with orbital (van Vleck)
magnetism, even though we do not understand the mech-
anism for such a behavior. By subtracting the B-linear
component at high fields from M , we obtain the contri-
butions of the unpaired spins MI, which are normalized
by x and are plotted in Fig. 5(b). There is almost no dif-
ference betweenMI for x = 0.0174 and 0.0032. They also
agree reasonably well with the free spin behavior MF.
B. Dynamics of the impurity induced spins near
saturation
When the impurity-induced moments become satu-
rated as the temperature is decreased, we expect the
thermal fluctuations to be gradually depressed and to
slow down. Such a process has been indeed confirmed by
measurements of the nuclear spin-lattice relaxation rate
1/T1 and of the spin-echo decay rate 1/T2. A standard in-
version recovery method was used for the 1/T1 measure-
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FIG. 5: (a) Temperature dependences of M at 1 T. (b) Mag-
netic field dependences of M at 2.0 K. The red solid circles,
blue solid squares, and asterisks indicate M for x = 0.0174,
0.0032, and 0, respectively. The data of M for x = 0 is ob-
tained from Ref. [26]. The red open circles and blue open
squares indicate the contribution MI from impurity-induced
spins for x = 0.0174 and 0.0032, respectively. The solid line
indicates the magnetization of a free spin MF.
ment. To determine 1/T2, the spin echo intensity I(τ) as
a function of the time τ between the two rf-pulses was fit
to the exponential function I(τ) = C0exp(−2τ/T2).
Figure 7 shows the temperature dependences of 1/T1
and 1/T2 measured on the low frequency quadrupole
satellite line of the B1 site at 6.615 T. Both 1/T1 and 1/T2
exhibit a peak but at different temperatures. The peak
in 1/T1 occurs at 3.8 K while the peak in 1/T2 appears
near 2.5 K. In fact, T2 becomes too short near 2.5 K to
be able to observe NMR signal. At lower temperatures,
both 1/T1 and 1/T2 show steep decrease, consistent with
the excitation gap for impurity induced spins in a mag-
netic field.
Let us first discuss 1/T1, which is related to the
time correlation function of the local field by the
standard formula, 1/T1 ∝ G(ωN), where G(ω) =∫
〈h(0)h(t)〉exp(iωt)dt and ωN is the NMR frequency.
A simple expression for the correlation function
parametrized by the mean square amplitude of the fluc-
tuation 〈h2〉 and the correlation time τc, 〈h(0)h(t)〉 =
〈h2〉 exp(−t/τc) leads to the following simple result,
1/T1 ∝< h
2 >
τc
1 + (ωNτc)2
. (3)
The saturation of the impurity-induced moments is ex-
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FIG. 6: (a) 11B NMR spectra of SrCu2−xZnx(BO3)2 with x
= 0.0174 at 1.6 K for two different field values. The frequency
for the spectrum at 4.5 T is shifted by 28.87 MHz to account
for the difference in the nuclear Zeeman frequency. The po-
sition of the lines then match perfectly, indicating that the
distribution of the spin moments remains the same for the
two field values, hence that the impurity induced moments
are saturated. (b) Temperature dependence of the peak fre-
quency of the low frequency quadrupole satellite line of B1
sites obtained at 6.615 T. It remains constant below 2.2 K,
again indicating saturation of the impurity-induced moments.
pected to proceed with the depression of 〈h2〉 and the
growth of τc. The peak in 1/T1 can be reproduced only
by the latter process. Indeed 1/T1 exhibits a peak when
τc = 1/ωN ∼ 1.8 × 10
−9 s, a well known result in the
context of motional narrowing in classical NMR [29].
The slowing down of the spin fluctuation can also cause
a peak in 1/T2, with different criteria however. When
the fluctuating local field slows down, the fastest spin-
echo decay is achieved when 1/τc becomes comparable to
γ
√
〈h2〉 and the peak value of 1/T2 has the same orders
of magnitude as 1/τc at the peak temperature [30, 31].
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FIG. 7: Temperature dependence of 1/T1 (blue open circles)
and 1/T2 (red solid circles) measured on the low frequency
quadrupole satellite line of the B1 site at 6.615 T.
7Although we were not able to determine the peak value of
1/T2 due to loss of NMR signal, it should be of the order
of 106 s−1, judging from the data in Fig. 7, indicating that
τc ∼ 10
−6 s at 2.5 K, which is much longer than the value
estimated at the peak temperature of 1/T1 (3.8 K). Thus,
different peak temperatures of 1/T1 and 1/T2 provide
evidence for a rapid but gradual slowing down of the
fluctuation of the impurity-induced spins, which precedes
the complete saturation at lower temperatures.
C. Comparison of the NMR spectra for different Zn
concentration
Figure 8 shows the 11B NMR spectra for x = 0.0032
and 0.0174 at 1.6 K and 6.615 T. Both samples show
nearly identical spectra. All the resolved peaks are ex-
actly at the same frequencies, indicating that the average
distance between Zn2+ ions is sufficiently large and effects
of interaction between impurity-induced spins can be ne-
glected. However, the widths of the individual lines for
x = 0.0174 are slightly larger than those for x = 0.0032,
which is likely due to the difference in the distribution of
the demagnetizing fields inside the crystals.
D. Numerical Methods
Exact Diagonalization (ED) have been performed us-
ing the standard Lanczos algorithm for the S = 1/2
Heisenberg model on Shastry-Sutherland lattices (N =
32 and 36 sites, see Fig. 9) having a single impurity. Pe-
riodic boundary conditions have been used to minimize
finite-size effects. The presence of an impurity forbids
to use any translation symmetry, but we have still made
use of the remaining reflection symmetry to reduce the
size of the Hilbert space. After computing the ground-
state, one can easily extract the average magnetization
on each site. Note that since the polaron has a large
but finite extension beyond which the magnetization be-
comes very small, one can expect a priori the finite-size
v
w
x
y
z
{
|
}
~
     Ł









  ¡
¢£¤ ¥ ¦ §¨©ª«¬
­®¯ ° ± ²³´µ¶·
FIG. 8: 11B NMR spectra of SrCu2−xZnx(BO3)2 with x =
0.0032 (a) and 0.0174 (b) at 1.6 K and 6.615 T.
FIG. 9: Clusters used for the simulations with 32 sites (top)
and 36 sites (bottom) and one impurity represented as a cross.
Colored dimers correspond to strong J bonds while J ′ bonds
are not shown for clarity (except the Jimp bonds introduced
in the main text). Periodic boundary conditions are used to
minimize finite-size effects, so that colored dimers crossing the
boundaries can be easily identified with different colors.
effects to be small. This is confirmed by a comparison
of the results obtained on 32-site and 36-site clusters, for
which the magnetizations are nearly identical, a conclu-
sion further confirmed by calculations on larger clusters
up to 64 sites with infinite Product Entangled Pair State
simulations [P. Corboz, private communication]. We are
thus confident that the local magnetizations reported in
this work are close to their thermodynamical values (see
Fig. 3c of the main text).
E. Intensity and line shape of some specific lines.
One of our main conclusion that 〈SAc 〉 < 〈S
C
c 〉 is based
on the intensity ratio of the B1 and B2 lines, which are
assigned to the B sites close to CuC and CuA on the layer
of the Zn impurity. Equally important is the intensity
ratio of of the B11 and B12 lines assigned to the B sites
on the adjacent layers coupled to CuC and CuA with the
same dipolar coupling D3. The spectrum of the center
line of these sites are displayed in Fig. 10(a) with an
enlarged scale. We can clearly see that the integrated
intensity of the B12 line is twice as large as the B11 line.
Since CuC is twice as abundant as CuA, the B12 (B11)
line must be assigned to the neighbor of CuC (CuA). The
fact that Bint is larger for the B12 line than for the B11
line then leads to the conclusion that 〈SAc 〉 < 〈S
C
c 〉.
The ED calculation shows that there is another pair
of lines (10 and 10′) assigned to the B sites on the ad-
jacent layers coupled to CuC and CuA with the smaller
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FIG. 10: Enlarged NMR spectra for the center lines of (a)
B11 and B12 and (b) B10 lines..
dipolar coupling D4 (see the upper panel of Fig. 4b of
the main text). Although the experimentally observed
B10 line shows only a single peak, the spectral shape can
be actually fit well to a sum of two Lorentzians with
the intensity ratio of 2 to 1 as indicated in Fig. 10(b).
The fact that one of these lines with larger Bint has the
double intensity is again consistent with the conclusion
〈SAc 〉 < 〈S
C
c 〉.
There is a puzzle though. Since the two pairs of
lines are coupled to the same pair of Cu sites (CuC and
CuA) with different dipolar couplings, their separation
should be equal to the ratio of the dipolar couplings
D3/D4 = 1.58. However, this ratio in the experimen-
tal spectrum is much larger (nearly 3). This suggests
that the internal fields at the B sites in the adjacent lay-
ers are not entirely due to the in-plane Cu moments and
that small contributions from induced moments on Cu
sites in the adjacent layers due to interlayer exchange
may be relevant. To explore such effects is beyond the
scope of this paper however.
For other experimental lines B6 - B9, the resolution is
not sufficient to achieve a one to one correspondence with
the calculated lines. However, the assignment of lines
B8 and B9 to the pairs of theoretical lines (8, 8
′) and
(9, 9′) is plausible since they are well separated from the
others. Finally, the lines B6 and B7 develop on top of the
broad tail of the main line, consistent with the numerous
theoretical lines on the negative side of the main line,
even though specific assignment is not possible.
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FIG. 11: Local magnetization at CuA (〈S
A
c 〉, circles) and CuC
(〈SCc 〉, squares) calculated by exact diagonalization for a clus-
ter with 32 (open symbols) or 36 (filled symbols) sites are plot-
ted against αimp = Jimp/J for three values of bulk α = J
′/J .
The horizontal lines indicate the values of 〈SAc 〉 and (〈S
C
c 〉
determined from the values of Bint at the B sites on the same
layers as the Zn impurity (the solid lines) or on the neighbor-
ing layers (the dashed lines).
F. Possible local change of exchange interaction due
to lattice distortion
Here we employ a simple model to account for a pos-
sible change of exchange interaction due to local lattice
distortion near Zn impurities and examine to what ex-
tent our best choice of α = 0.665 is influenced by such
effects. Since the distribution of νQ shown in Fig. 3(b) of
the main text suggests that the lattice distortion is con-
fined in the immediate vicinity of Zn, the simplest model
consists in assuming that only the exchange interaction
for the Cu-Cu bonds closest to the Zn impurity, i.e. the
exchange between CuA and CuB, changes from the bulk
J ′ to Jimp (see Fig. 9).
We have calculated the moments at CuA and CuC sites
by exact diagonalization using a cluster of 32 or 36 sites
as a function of αimp = Jimp/J for three values of the
bulk ratio α = J/J ′, 0.63, 0.65, and 0.67. The results
plotted in Fig. 11 indicate that 〈SAc 〉 decreases rapidly
with αimp. However, 〈S
C
c 〉 stays nearly constant or even
increases slightly with αimp. Therefore, the condition
〈SAc 〉 < 〈S
C
c 〉 can be met for α smaller than 0.66 if we
allow for a large value of αimp as demonstrated in Fig. 11.
To make a quantitative comparison with the experi-
9mental data, we extracted the local magnetization from
the observed values of Bint. First, we used the values
of Bint at seven B sites on the layer of the impurity
(B1−4 and B13−15 in Fig. 4b of the main text), each of
which is the nearest neighbor to one of the major Cu
sites (CuA−G) carrying appreciable moments. The val-
ues of 〈SA−Gc 〉 can be determined by solving Eq. (2) after
substituting the experimental values of Bint into the left
side and using the same values of the hyperfine coupling
constants T1 = −0.563 T. The values of CuA and CuC
thus determined are shown by the solid lines in Fig. 11.
Alternatively, we can use the values of Bint at the B sites
in the adjacent layers (B5, B11, and B12) coupled to the
three major Cu sites (CuA−C) by the dipolar coupling
D3 to determine 〈S
A−C
c 〉. The results are displayed by
the dashed lines in Fig. 11. From these plots, we may
conclude that the experimental results can be reconciled
with α = 0.65 by allowing a rather large modification of
exchange coupling near Zn. The value α = 0.63 seems
difficult to reconcile with the experimental results within
this simple model, but these results make it plausible
that allowing for additional modifications slightly further
away from Zn can further reduce the value of α.
